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Abstract

Cyclo aliphatic epoxide based thin gelled filns prepared by uv
photo curing were characterized electrochemically. Ethylene
carbonate (EC) mxed with different organic liquids in different
volune ratios were used as solvents. General conposition of the
el ectrolyte was cvcloaliphatic epoxide (being sold under the
trade nane "ENVIBAR® by Union Carbide) 10-28 we¥ Polyethyl ene
Oxi de (200,000 MW) 4-10 w% LiAsF, 6-22 W% and mi xed sol vents
(of different volume ratios) 80-40 we Thin gelled films were
formed on Li electrodes and subjected to electrochem cal studies.
Typi cal values of bulk electrolyte conductivity and interracial
resistance obtained from a-c inpedance and d-c neasurenments at
room tenperature are 2x10°S em! and 3.2 Chns respectively.
Charge /discharge characteristics of the cells of the type
Li/electrolyte/Tis, were eval uated. Cathode utilization was only
33% of the total capacity.




I ntroduction

Solid electrolytes which exhibit high ionic conductivity have
generated, in recent years, wde-spread interest as potentia

el ectrolyte materials for a variety of applications including
solid-state batteries, chemcal sensors and fuel cells'. The

pi oneering work of Armand et al? and others® led to the

devel opment of solid polyner based electrolytes for battery
applications. However, these materials do not exhibit appreciable
room tenperature conductivity. Several different approaches

i ncluding the incorporation of liquids in solid polymer
structures to inprove the roomtenperature ionic conductivity are
being studied. For exanple less than tw decades ago Feuillad
and Perche®have reported the use of polyvinyl acetal and poly
acrylonitrile based ion-conductive nenbrane gels as separator in
Li-cus batteries. Recently, Watanabe et al® reported that the
roomtenperature Li* conductivity of poly vinylidene fluori de/or
poly acrylonitrile containing Liclo, and ethylene carbonate (the
so-cal led “gel | ed” electrolyte) can be varied between 10*and
10°S cmt dependi ng upon the composition. These were forned by
heating the mxture of polyner, viclo, and EC (ethyl ene
carbonate) above 100"C and casting the viscous fluid on nolds to
form gelled electrolytes. In recent years radiation curing
technique is being extensively used to form gelled electrolytes
for Li battery applications Anong the patents cited in
reference 6 the followng two patents #5,006,431 and #5, 102, 752

are the nost relevant to our work. At the Jet Propul sion




Laboratory, as apart of an on going secondary Li battery research

effort, we have initiated prelimnary electrochemcal studies on
the photo cured cyclo-aliphatic epoxi de based gell ed
electrolytes. W report below the results of our study on the
el ectrochem cal properties of the cyclo-aliphatic epoxi de based
gelled electrolyte containing LiAsF,,PEO and EC based m xed

sol vents.

Experi nent al

Battery grade LiasF, purchased from LaRoche Industries Georgia,
USA and the sol vents ethyl ene carbonate (EC), propyl ene carbonate
(PC), diethyl carbonate (DEC), dimethyl carbonate (DMC) purchased
from M tsubishi, Japan and Triglyme purchased from Al drich, USA
were used as received. The cyclo aliphatic epoxi de based photo
curabl e polymer (being sold under the nane “EN VIBAR') and the
photo initiator “6990"" were received from Union Carbide as free
sanpl es. Several film conpositions: ENVIBAR 10-28 w¥§ Li salt 6-
22 W poly ethylene oxide (PEO) (M W 200,000) 4-10 w%; EC
based m xed solvents (different volume ratios) 80-40 w¥% and three
drops of 6990: were investigated. The filns were formed as
follows. Appropriate anounts of solvent mxture, Li salt and PEO
were weighed in to a 50 m glass beaker and stirred inside an
Argon filled glove box over night followed by the addition of
ENVIBAR and 6990. The viscous fluid was further stirred for 1
hour and then transferred to a “dry-roonf. The viscous fluid was

painted on to a freshly prepared Li electrode which was photo
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cured to formthin films . Typically the thickness of the polymer
filmwas around 100 pm. The films were subjected to a series of
el ectrochenical studies. Standard mcro-conputer controlled

el ectrochem cal equipment were used in all of our measurenents.
O the several films prepared with different conpositions all of
them were not investigated in detail since they were either
mechanically too weak (if the solvent content exceeds 70 w¥g or
the roomtenperature conductivity was <10* S/cm (if the sol vent
content is <50 w§ . The film that exhibited both good nechanica
integrity and roomtenperature conductivity was ENVIBAR (14 we,
PEO (4 ww), LiasF, (16 W% and m xed solvent (66 w¥. This
composition was studied in detail as a function of conposition of
the mxed solvents (Table-I).

Results and Di scussion

ELECTROLYTE STUDIES

Under appropriate conditions the fundamental electrochem cal
paraneters such as bul k conductivity, charge transfer resistance
(R)of the electrolytes can be evaluated using a-c and d-c
measurements. A-C and d-c el ectrochem cal studies were nade on
electrolyte filns sandwi ched between two |ithium or stainless
steel (ss) electrodes (symmetrical configuration) or between Li and
SS (asymmetrical configuration)to characterize the bulk and
interracial properties of the films. In Table-1 is given the
list of electrolytes investigated in this study. Al though a
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t horough and systematic study was nade on all of these
electrolytes, for the sake of clarity, electrochenica
measurenents are described for ENVIBAR 14 WY LiAskF, 16 w94
poly ethylene oxide (PEQ (M W 200,000) 4 w¥% Ec/DEC (50/50 v%
66 W% The conposition is denoted as “GEL-I”

a-c neasurenent:

SyMMETR]I CAL CELL
In Fig. 1 is shown, for GEL-1 in a symetrical cell,the NyQuist
plot in the frequency regime 100 kHz - 5 Hz, The electrolyte room
tenperature bul k conductivity and =Rr, obtained fromthis plot
are 2x10°S cw! and 3.2 Ohns respectively. The a-c nmeasurenents
made as a function of time indicate that while the bul k
conductivity remains stable the r, increases initially to 4.5
Ohns and straddles there after. In general, the bulk resistivity
and the r, are smaller for EC/DEC sol vent based el ectrol ytes
than for EC/bMC and EC/Triglyme (Table-1). Anobng the EC/DEC
conbi nation the conposition with equal volumes of EC and DEC
(50/50 v% is marginally better than the rest. In Fig. 2 is shown
t he NyQuist plot for CEL-1 sandw ched between two well polished
ss el ectrodes, The “blocking contact” can in principle yield
results that indicate the purity of the interface. If the
interface is a perfect capacitor the NyQuist plot should be a
straight line perpendicular to the x-axis. At very high
frequencies, since the capacitative inpedance (1/eC) i S near
zero, the a-c measurenent should yield the bulk electrolyte
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resistance. The plot in Fig. 2 is alnost perpendicular to the x-

axis indicating the capacitative nature of the interface and the
absence of electronic conductivity in the cell. The electrolyte
bul k conductivity conputed fromthis plot is 1.46x10°S/ cm which

is close to the value obtained abhove.

d-c neasurenent:

ELECTROCHEM ICAL POTENTI Al WINDOW
The el ectrochem cal potential w ndow of the electrolyte (CEL-1)
was measured against Li as the reference el ectrode. The
description of the cell is given else where’. In Fig. 3 is shown
the current-voltage plot for CGEL-1. The electrolyte appears
stable in the potential regime between 1.5 and 4.5 v vs. Li, wth
very little breakdown current or |eakage current. The w de
potential w ndow may permt the use of high voltage cat hodes such
as LiCo0, and LiMnO, in conjunction with this electrolyte.
However, for our prelimnary evaluation we have chosen Tis, as

t he cat hode.

L 1/Li)
Butler-Volmer, equation which describes the various processes
that govern and control electrochem cal reactions can be witten
for a single-electron process as

. .
| =10{e“ ®) FE/ RT)_ o [-WFE/RT] }

At very small voltage excursions i.e., FE/RT <<1 the above
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equation reduces to i = i,fe/RT. The effective exchange current

density and hence R, can be calculated fromthe IR free

pol arization plots near E =0 using the above equation. Linear
pol ari zation measurement between 5 nv to -5 nv was made . In
Fig.4 is shown a typical linear polarization plot. R, conputed
fromthis plot is 4.5 Chns which is in agreement with the R,
val ue obtained fromthe a-c measurenent. The variation in R. as
a function of time is simlar to that of the R, fromthe a-c

measur enent .

Li plating/stripping efficiency was conputed both

potentiostatically and galvanostatically.

Potentiostatic Met hod:

In the potentiostatic measurenent the voltage was scanned at 2
m//see, 500 nmv on each side of the rest potential. Initially, the
potential was scanned negative of the rest potential for plating
Li on ss and then to positive of the rest potential for stripping
Li fromthe ss electrode. In Fig. 5 is shown on such plot (after
50 cycles) and the conputed plating/stripping efficiency is 89%
(after 50 cycles) which although is not attractive for battery
applications could be inmproved with other anode materials such as
car bon.




Galvanostatic Met hod:
Known amount of Li was galvanostatically plated on ss surface
followed by stripping a part of it. This cycle was repeated
several tines. Using the follow ng equation® the average Li
plating/stripping efficiency was conputed.

X = {q.-[Xq;-q)/n}q.
where X is the average cycling efficiency per cycle, and
d.= charge plated or dissolved per cycle
d;= charge involved in the initial deposition
q,= charge involved in the final dissolution of Li and
n = total nunber of cycles.
The amount of Li plated and stripped in every cycle is given in
Table-2. In the first cycle 1.0 C (q;) was plated and finally the
total coulombs (g,) of Li stripped fromthe ss electrode was 1.5
C. The plating/stripping efficiency is close to 90% which is
conparable to the value obtained from the potentiostatic nethod.

CELL STUDIES: Li/GEL-1/TisS,

The cathode was a conposite cathode consisting of TiS,, PEO and
LiAsF,. Appropriate amounts of TiS,, PEO and LiAsF, were taken so
that the final conposition of the conposite cathode was Ti S,: PEO
1:1 volume ratio and PEO:LiAsF, = O Li ratio of 8:1. A 2"x2"
section was cut and was used as the cathode. From the weight of
the conposite cathode the capacity was conmputed as 60 mAh.
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Lithium was used as anode. Stainless steel foils were used as
support and for electrical contact for cathode and anode. The
cell was seal ed under vacuum One of the finished cells is shown
In Fig.6. The cell was subjected to cyclic voltammetric (CV)
measur enent before the charge/discharge studies. In Fig.71is
shown the cv trace at room tenperature. Two well defined

di ffusional peaks, one corresponding to intercalation of Li ion
into Tis, at around 2.7 v and the other deintercal ation of Li

ion fromthe lithiated Tis, lattice at around 2.1 v, are

observed. In Fig. 8 is shown the charge/discharge characteristics
of the above cell at different rates. In the 1st cycle the

di scharge capacity was only 20 mAh and in subsequent cycles the
capacity didn't increase. The very |low cathode utilization could
be due to several factors including unoptim zed cathode

conmposi tion, thickness, and thin film norphology. Further, no
gelling agent was added to the conposite cathode which could |ead
to higher resistivity at roomtenperature which may in turn | ead
to poor cathode utilization. Currently cathode inprovenent

studies are underway.

Concl usi ons

Thin filns of different conpositions in the range ENvIBAR 10-28
wWsh PEO 4-10 W LiasF, 6-22 Ww and m xed sol vents 80-40 wl% were
photo cured on Li electrodes and were characterized
electrochemically. The bul k conductivity and r, of filns of

conposition: ENVIBAR 14 w¥§ Li salt 16 w¥ poly ethylene oxide




(pE0) (M W 200,000) 4 w¥ EC/DEC (50/50 v% 66 W are 2x10°* S
cmt and 3.2 Chms respectively. Lithium plating/stripping

efficiency was only 90% Al though the measurenent of the
plating/stripping efficiency as described above does not exactly
reflect the situation that exists in a real cell where a cathode
replaces the ss electrode, this figure mght give the lower linit
of Li turn-over efficiency in areal cell. Thin cells containing
60 mah conposite Tis, cathode, 300 mAh Li anode and 100 um thick
gelled electrolyte were fabricated. The cathode utilization was
only 20 mAh. The low cathode utilization efficiency could be due,
among other things, to unoptimzed cathode conposition, thickness
etc. Optimzation of cell design and cathode conposition are

currently underway.
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Captions:

1. A-C Behavi or (NyQuist plot) of Li/GEL-1/Li at Room
Temperature. A-C Ferquency was Varied from
100 kHz to 5 Hz. v, =5 mv.

2. A-C Behavior (Nyguist plot) of ss/GEL-1/ss at Room
Tenperature. A-C Ferquency was Varied from
100 kHz to 5 Hz. V,,=5 nv.

3. Electrochem cal Behavior of GEL-1 Sandw ched Between
two Well Polished ss Electrodes. Scan Rate = 2 mv/sec.

4. Linear Polarization Plot of CEL-1 Sandwi ched Between Li
El ectrodes. Scan Rate = 2 mv/sec.

5. Lithium Plating/Stripping Behavior of Li/GEL-1/ss at
Room Tenperature. Scan Rate = 2 nv/sec.

6. Photograf of the Li/GEL-1/TiS,* Cell. cell Design =
Flat. Cathode Capacity = 60 mah. Anode = Lithium of
300 mah. El ectrode Size 2'x2". * = Conposite Cathode.

7. Cyclic voltammetric Behavi or of Li/GEL-1/Tis,* at Room
Tenperature. Scan Rate = 5 nv/sec. * = Conposite
Cat hode.

8. Charge/Discharge Characteristics of the cell in Fig. 7

at Room Tenperat ure.
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Tabl e- 1.

D fferent

El ectrol yte Conposition:

(M W 200,000) 4 w

V%) 66 Wb

Sol vent

Bul k Conductivity and R, oOf

Sol vent

ENVIBAR 14 wo%

Li

Conposi ti ons.
salt 16 w¥

CGelled Electrolytes Wth

(PEO)

Mxture (Different compositions

Base Ppoly. solv-LiasF, | Conposition Bul k cond. R, (Q cm?)
v/v % (Slcm
ENVIBAR EC + PC 20/ 80 10°? 200
" " 50/50 2X10-° 180
" " 80/ 20 3X10-° 120
" EC +pMC 50/ 50 3X10-* 900
" EC+Triglyme 50/ 50 5X10- ¢ 890
" EC + DEC 20/ 80 103 150
" " 50/50 2X10-° 90
" " 80/ 20 10°? 120
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Table-2. LITHIUM PLATING/STRIPPING EFFICIENCY

*CEL L CONFIGURATION: Li/GE*-1/SS

" ENVIBAR(14 w%), PEO(4w%), EC/DEC(66 w%), LIAsF (16 wo/)

SS = STAINLESS STEEL

ELECTRODE AREA = 0.7 cm*
ELECTROLYTE THI CKNESS = 0.009 c€m

CYCLE # PLATING (C) STRIPPING (C)
1 1.00 0.50
2 1.00 0.50
3 1.25 0.75
4 1.00 0.50
5 0.50 1.00
6 1.00 0.50
7 0.50 0.50
8 1.00 1.00
9 | 0.50 1.65
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X = 0.5V/cm
Y =1mA/cm
SR =2 mV/sec
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